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MEASURING SPUHERICITY ON A ROUMDMESS GAGE

by

Allen Cauler

ABSTRACT

The three-dinensional qecometry of a spherical object may
be determined by cvaluation of a number of two- dimensional
roundness measurcments bearing a known orientation with
respect to one another, A suitable sgsect of orientations
appears to be one 1in which the plane of each roundness
measurcment coincides with every other such plance along a
single diameter of the sphere. A device for producing the
required set of orientations, adaptable to spheres of varying
diameters and designed to avoid damage to delicate materials,
has been developed and tested.

I. INTRODUCTION

A problem £frecuently encountered at the Los Alamos
Hlational Laboratory is that of mcasuring varivus aspects of
the surface topoqgraphy of a splierical object. Oftentimes, a
mcasurement of "surface finish" and some number o0f roundness
measurements will provide gufficient information for
practircal purposes,

As the ability to manufacture Letter spheres increases,
however, the need for more comrlete information grows,
leading 1nevitably toward the desire for a total description
of the geometry of the three-dimensicna) surface in gpace.

In working toward such a conplete description, it moy
prove useful to consider the surface as being the sum of many
components varying in wavelength and amplitude, The
components at the short wavelength cend of the sgpectrum
conprise what has traditionally been called rurface finish,
and can bhe measured by the methods (stylus , optical
interference, etc.) developed for surface finish assessment,
Because of ite complexity, an asscisment of the surface
finish of the entire sphere is rarely attempted (though work
is being done 1in this direction), and instead a sampling
technique is chosen, wherebhy some number of areas are assumecd
to be representative of the whole,

At  the wavelength of the conponent of interoest
increascs, it enters the realm of "waviness"., Componentsn
with a wavelength significantly leus than the circumference
of the sphere can be asscased hy inspection of individual
roundness measurements of Known orientation with respect to



the sphere, Here, again, a samplinc¢ technique is often used,
simply because of the mass of information available.

As the wavelength of the component of interest
approaches the circumference of the sphere, the sampling
method becomes 1less capable of adequately describing the
surface, which ia three- dimensional. One is thcrefore lead
to consider ways of morc completely describing the larqge-
scale threce-dimensional gceometry of the sphere, which may be
termed its sphericity.

II. MEASURING ROUNDHMNIESS

Congider first roundness and how it is measured. In
principle, the roundness of an object is simply the deviation
between the curve formed by the intersection of its surface
with a chosen planc (the plane of measurcment), and a perfect
circle (sec Fig. 1l). In practice, roundness is mcasured by
comparison with the motion of a precision spindle. Either
the object under test is rotated and deviations are obscrved
with a stationary gage head ( the "rotating workpiece" Lype
roundness gage; sec [ig. 2), or the object is held
stationary and the gage head is rotated around it ( the
"rotating gagchcad" type roundness qage; sec Fig, 3).
Deviations from roundness are usually recorded on a polar
chart,

III. HEASURING SPHERICITY: TIIEORY

To arrive at & dcsceription of the three-dimensional
gecometry of a sphere by use of two-=dimunsional roundnesy
measurements, it 1Is clearly ncecessary to make roundness
measurements in more than one plane. Ong common technique is
to rotate the sphere in a random fashion after eiach roundnaoss
measurement, and nake scveral such measurcnents. tthile
perhaps acceptable for the purpose of obtaining a qenecral
idea of the maximum deviation from sphericity, this method
failgs to provide any information about the actual rshape of
the surface. Its failure to do so stems from lack of
knowledge of the orientaztion of the roundness measuremnents.

In order to map the surface, it ia necessary to make
roundness mcasurcments at known orientations with reuspect Lo
one another. Since the roundness gage itself is (ixed, the
sphere must be rotated between roundness ncasurements in
order to change the plane of meatiurement,

Thn what manncr should the zphere be rotated? Figure 4
shows one posuibility; here the uphere has been rotated
alternately ahout three orthogonal axen. This method might
ceven bhe extended to rotation about "n" non-orthogonal axes.
Such a mnmethod has an advantage vwvhen one is  asseucing
waviness, in that it providec mecasurcments of the surface in
many di€ferent orlentations, In concept, it ghould be



possible to take a collecction of measurements like this and
say something about the sphericity of the sphere, llowever,
the mathematics of doing so0 are somewhat formidable. In
addition, the procedure for rotating the sphere must be
carefully desiqned to avoild duplicating measurements made
when the sphere is rotated about one axis with thoase made
when it is later rotated about another.

Another possibility is illustrated in Ficure 5. lere,
all rotationa of the sphere are nade albiout one axis, and all
roundness measurements pass through the poles of this axis.
It is much easier to visualize how these mnmecasurements might
be used to define the shape of the sphere., In the simplest
case, one might set the polar chart recordings side by side
and compare them; or they might be overlayed. DRecause all
roundness measurements pass through onc diameter (the axis
about which the aphere is rotated), it is an easy matter to
meacure this diameter and usce it to calculate the diameter at
any other location on the usphere. If rurther analysis in
desired, the mathematical description of the surface, given
the (digitized) roundness mearurcrnents, io otraiqhtforward
(References 1,2). Fron this description, parawmeters guch as
the minimum radial aeparaticn of two concentric sphercs
required to contain the surface (corresponding to the MRS For
roundness) can be determined. Becavse of ltn cimplicity and
versatility, this latter approach bhas  been chosen (or  the
design of the gphoricity qgage at Los Alumon,

Having choden the general achene for covaluating
gpherielty, one is left wit!. the neecd for deciding how wnany
roundness meaasurementt Aarce  reaqulired; i.e0., what angle to
rotate the sphere throuqgh boetween meatsucements. A conplete
description of the sphere qgeometry, ol course, would regulre
an infinite number of wmeasurements, and the greater the
number of mecasurcrments the qreater the reliability of the
final result. 1In the interest of cflficiency, however, the
fewer measurcments the botter. Aa & couwpromioe, .t wasn
decided to limit the number of measurement:s in mout rates to
the minimum that would allow no defect to yo undetected when
the surface, after being characterized by meana of the
gphericity gage, was later inmpected with a micrescope,
Since the ficld of view of the microacope uued i@ abouvt 0.5
mm, this means the nunber of measurcmentn required is no lecu
than (half the ball circumterence divided by 0.5 mm). Using
thiov =pacing aosures that at thelr widest wupacing, which
occurs at the equator of the sphere, the roundnetn
measurements arc no more chan 0.5 mm apart,

IV. A PRACTICAL SPHERICITY GAGL

The roundnaws gage chogson for use in this project was ot
the rotating gagchaad dedoign, in which the aphoere 1a  held
gtationary on a work platform and the gage head io rotated
about it (sce Fig. 3). Thc work platform nay be moved



vertically and horizontally tou crnter the sphere beneath the
precision spindle.

The device required to align the gphere and rotate it
about one given axis by cxact, known angular incrc..ents
(wvhich, as described above, is nccessary in order to usec
roundness measurewents to describe sphericity) is ghown in
Plgure 6. This device will Lo referred to as tle sphericity
attachment, It consisto of a vertical axis rotating vacuum
chuck and a horizontal axis vacuum chuck with rotary and
translational mwmotions, both mountnd on o bace plate that
rests on the work table of the ronndneta gaqe,

The vertical axis vacuum chuck agsembly it shown in
Figure 7. The primary purpose of this asscmbly ic to holud
the sphere in a fixed position during the ¢time & roundness
measurcmant 1o belng made. The chuck itnelf is o braas body
with a conical teflon insert at the tip. Vacuua is applied
through a central hole in the chuck, which allow: atmospheric
pres: ire to oeat the ophere under test [irmly against the
conical ingsert. Teflon wac chogen as the material far the
insart Iin order to avoid damaging the sphore. Initially, an
all=teflon chuck wan envisionod, but it proved to he too
unstable to hold the sphere motionless during a roumndness
maasuremcnt.

The chuck i mounted on a ball=geat wobble plate wviiich
ig attached to a rotary table. The wobble plate, nhoun in
greater detail in Flgure 8, is a comwonly usced devire which
provideo vary precise centering capabilityp 1t i: uticd here
to contar the sphore about the axis of the rotary table., FPFol
alignment purposca, the aphere to be tested lu placed in  the
chuck, and itu runout is measurwed an the rotary table in
rotatced, uoging a statlonary indicator.

Rough adjustments are mcle by loonening one of the
wjusoting vcrowe (Fig. 8) and tiqghtening the oppouing rerew,
which cauocs the plate attached to the chuck to rolnte as a
rigid body with recupect to the other plate. Plne adjustuents
ara then made by tightenlng one screw without Lirst looucning
its oppooite; thio deforms the plate ellghtly, causing a
small angular motion of the chuck. wWith this arrangement,
runout of the sphere can be roduced to 1,2% microvneler TIR or
loun,

The horixontal oaxin vacuum chuck agsembly, shown  in
Figure 9, iu identical to the vertical axis assewbly, bhut it
io mountad on threc orthogonal micronceler lide tabley in
ruch a way an to ullow reetilinear motion in threco
directions., In addition, an all=tellon chuchk ian unsed (rother
than brans with a teflon inuvort), as extrome atabllity in not
royuired, The axis of rotation o  this  chuck ansembly
defincy the common axin through which all roundnenn
meoasuremants mumt pasv (see Flg. 5),



Because the diauwcter of the spliere to be measured may
vary . both the horizontel and vertical vacuum chucks have
been designed to be easily rcnoved from their respective
asgemblies. If necessary, a sct of chucks nay be designed
for cvery sphere diameter cencounterced. This capability adds
greatly to the flexibility of the sphericity qaqe.

V. ALIGLMENT

Prior to uoc, the sphericity ottachment and roundness
gage nust be aligned. The purpese of this alignment is to
ensure that the axes of the vertical chuck rotary tible,
horizontal chuck rotary Lable, and the roundness qaac aspindle
wlll coincide at a point; and that & sphere of the size to be
tested, held in either thce vertical or horizontal chuck, will
be centered about this point.

The initial step in aliqgnment lo to oot the center of
the sphore, when held first in the horizontal and then in the
vertical vacuur chuck, on the axis o rotation of cach ciuck.
This iu accompliuhed using the webble plate on  <ach  chuck
aasembly and a stationary inrlicator, as describe!l carlier,

The axis of rotation of the soundnesa aage splndle i
then made vo coincide witlh Liat of ciie vertical axls  vacuun
chuck. The roundnesn gace spind'e, with ity gage head
cantucting the sphere (still mounted in the vertical c¢huck),
iz rotated 360 deqrees aml the off::t of the center of the
rciulting roundnesa measurcment is  obacrved. The entire
sphericity attachment is then muved in the horizontal planc
by means of adjuutments on the roundncus qage wvork platform
until the aphere iu centored beneath  the roundpess gage
apindle., At this point the axis or the roundness «ivje
spincdle and thal of the vertical chnek asscnbly coinelede and
pasc throuqgh Lhe centuer of the aphere.  The work platfurm ol
the roundnuiiti gage Jjo  then moved vertleally uriil  the
roundness vaye indicatcs that the maxinum  diancter of  the
gphera has  beea reachady the plane of measurcment is now a
horizontal plane paswing through the center owf Lhe apheco,

Finolly, the axris of the horizontal chuck assembly nuot
be made to pass throuygh the center of the aphere.,  The sphern
in placed in the horizontal chuck, amd the oflset of it
center f1om the axiu of the roundnens qgage upindle is  again
obsecrved by rotating the npindle, The urhore is centeirad on
this axio by moving the chuck arsembly in the horizontal
pPlane using its micromoler nli‘dle tablea, The vertical
nicrometer ollde table is then used Lo lower the aphrere until
it just contactns the vercical chuck.

At thio point the uaphere, when held in  elther the
vertical or horizontal chuck assembly, will oceupy the sdie
poultion with reopeat to the roundneun gage, and thue axis  of
the horizontal chuck ausembly 1ies in the j:lane of
moasurement of the roundnesu gage. The micrometer readingn



of the three horizontal chuck acsembly siide tables are
noted, the sphere is transferred to the vertical chuck, and
the horizontal chuck is backed out ol the way.

VI. OPERATION

Operation of the sphericity gage may then procred as
follows: the gage head of the roundness gage i brought into
contact with the sphere, and the roundness qage spindle is
rotated until the gage hcad is opposite the thorizontal
spindle; this location is designatcd the south pole of the
sphere. It lics at the intersection of the horiczontal vacuum
chuck axis of rotation (which passe:. throush the center of
the sphere) and the surface of the sphere opposite the
norizontal chuck. The interscction of this auis and the side
of the sphere facing the horizentol chuck 1ls teri.ad the north
pole. A roundnest measuremenc is made, and  the anqular
position of the north pole is marked on the resultine polar
chart recording.

The aphere mugt now be rLotated about tne axin  pacsing
through 1ts north and gouth poles. This axis will Le
referred to as the polar axis, To rotabe the part, the
horizontal vacuun chuck 18 brought back into contact witin the
“phere by adjusting its three wmicroneter slide tabled Lack to
their previouwsly notwd positions. 'The sphore i trinsferrod
to this chuck and rajsed off the vertical chuck (aqailn using
the oslirde tables). The horizontal -zius  rotary table ln
rotated by tha desired angle, and the sphere is  Jowvered and
transferred to the vertical chuck. Conilder the situation at
this polnt. * Bven astuming there is no rocking of the vphere
during trannfer to and from the horizonlal chuck, iIf thr
vphere deviates at all from spherdcity, it will locate in a
different poojition of the conilcal acat of tlie vertical chuck
than that it occupled during the first rcundness measurcment,
That in, the polar axis, while utill parallel to ity original
pouition, nmay be divplaced vertically and horizontally from
that position, The magnitude or thic displacement may be on
the ordaer of the deviation from aphericity, or it nay be
larger, due to inacceuracices in the conical chuck ucat,

Suppode another rowuwdnens nceasurciz:nt were naude (it tidn
tine, Since tho piane of measuremeat s horinontzl), suall
vertical offzatn ol thic uphere': polar asiu {'rom ity oriqinal
location will caudsic negligiile (couine Lype) verrors in  the
obagrved roundnesu. llovever, oftcel: in the horizontal plane
will be obsurved directly, and could ho misinterpreted as a
hulge to one side of the aniu,.

Necauve the polar axis may have boeen otlaet, no
information s lost by again moving tne work »latform of Lhe
roundnens gage to center the parl. on the roundnesas qage
spindle axis. Thiv iu <done, and a romdncan mewnurement ip
made. The anqgular position of the north pole on Lhe
repulting polar chart recording 1o known to be the same aun



its anqular position in the oriyinal ncasurement, because the
polar axis of the sphere ig still parallel to its original
position. [lowcver, the data may need to be shifted to one
side of thils axis by an as yet unknown amount to account for
the polar axis beln¢ displaced horizontally from ity original
location.

The process oi rotating, centering, and obtaining a
roundness mecasurement is repeated until the roquired nunber
of measurements is obtained. The angular orienlLulion of all
these roundness naasurencents with respect to one enother is
known--the polar chart recordiugs correspond directly.
lowever, each ray have to be shifted in & ddirection
perpendicular to the polar axisy that ia, in the planc of the
equator of the spherc. The amount by which the data nust be
shifted can be deterwined 1f the shape of the: equator of the
part 1s known, since the points at an anqgular pesition of 90
degrees from the north pole on cach Jlongltwiingl roundness
neasurenant must lie on the cquator at ¢ known louyitude.

For the measurement of roundnes: at Lhie eguator, the
ophere is first rotated back to its original position, In
which its polar axis 1lies parallel to the azxis ol the
horizontal chuck and its north pole Toce: the chusk. In thio
position, zero degrees longltude lies in o horizontal jlane
and the cquator of the part lies in 1 verti -al plane, The
tphare is then retated 90 degrees about o horirzontal azis aned
90 dauogrees about a vertical axis (usking, rpotipectively, the
horizontal and vertical vacuum chuel assenblien), bringing
ltc ajuator into the horizontal plane with zero  dergrees
longitude 1lying on the axiz of the horizont:l chuck and
facing away from it. The work platrorr of the rouvnrdness gage
is adjusted to center the sphere, and Lhe roumidness of  the
mjuator i mausureri,

VII. DATA REDUCTION

The roundnesy measurcments nay un be orjentad corrcetle
with reupect to cne another, an indieatxd In Flgure 10, A
Sluple technime for visual analyesin of aphoericlty in e mohe
tranoparencics of the longitwiinal pelar chart recor.dings
and, nhifting them whan necesnary as indicated by the wquator
roundnaon measurement, overlay thal one on anolher, Such @
conponite is ashovn in Pigure 11, Unfortunately, thic asiuwple
mcthgd lecaves much to be deifred In turm: of quantitative
results,

VIII. TESTS OF SPHERICITY GAGE ACCHRACY

Aa noted previvuoly, the requitcients for an  acecurate
weanuremgnt of gpherieity include provision of a way to
rotate the agphere about ito polav axis by a preclucly known

angle. The accuracy with which thete rotationos ecan Lo
norfaormard will elnt nrmina dem s



sphericity neasurnent. Thice crrors arte possible: lincar
of fset of the axis ol rotation from the polar axis of thoe
gphere, anqular offset of the same axes, and errors in Luce
angle through which the sphere is rotated about its  polar
axis.

Tha pocsibility that the axi: of rotation i, be
parallel to the polar axis but ofrsnt from it nas been
congoideored and accountca for by nmaking a2 roandnens
neasurenent at the equator of the spherc, The marinur
anqular offscet of these urxes and the nmexliwum orror in
rotating about the polar axis must be includeil in calculating
the uncertainty of the final necsurcacnt, Testing wes
thercfore carried out to deteraine tic mognituwde of theornr
angular crroras.

For these tests, a very #mtll snov (less Lhon G0l iach
in dianecter) was engraved on o teat sphere. 1L the Lnis
about which the sphere 1y rotiled ic unchanaing, zni it tae
gpot c¢an be aligned (by cye) accurately enough on tiiis oxia,
this spot ahould appear in cvery roundinens messurchenl  nade
during a standard mnmeasurcnrent of sphericite, hen tilds
experiment waa performed, the snot uid Indeed apueor s evory
measurement., Calculationu basied on these  resulls el
that the axis ol rotation (lid not v.r. v noere thaeg /= 1.6
dugrees of arc after elght separate tr.antiters  no potati s
of the test sphere,

A osecoml test designed Lo neesarc tie aecer e ooy b
angular increment through which the opyhere  in pe'al. o wen
performed similarly, with Lhe @vol sligned thi: rise at the
wiuator of the teast sphere. Ty the sphere o0 fmatialley
alignad wo aw to cause the sput Lo appeal in Lae .ot
nuasurenent, it should again appear when roundnes:: Lo sard
alter rotation to 180 or 360 deqrecys londitude:, Yai.o  pest
chowed the accuraey of rotation to bhe +/= 1,6 degroees o, arc
or botter after twelwe selarate trannferu and retation: oo 30
deyrees,

IX. THE FUTUDRT

At least two ponsiblliticad exisl fer  extension of Ll
usefulneen of the qage, hoth relating to data manipulalion
and both requiring digitization of the output of  the uage,
The f£irat po:nuibility, mentioned previounly, 1s to diqitize
the data fron cach roundness meacurcaont, o Rnowing  tae
orientation of cach measurement with regpeet Lo the others,
tedetine these pointy In termn ol o cotton conrdin e gyote.,
The best=fit aphere could then e edeulatai, and a0 map ot
contour deviationu frow this boegl=p 1L spherce proguaced,

A accond pouulibllity 1u  to devine pore precisely the
"apactrun® ol wavelengLhs present o the  sphere  su Cace,
Thin could Dbe accomplighed by digitizing data fren both the
murtace finluh (short wavelonath)  ana ranncdnae 11an.a-



wavelength) mcecasurements and combining them to produce o
statistically ncaningful measure of wvavelengths present, such
as the power spectral density function,

X. CONCLUSIOM

A device allowing det :reminntion of the three-
dinonsional geonetry of a aphericol object by use of
two-dimensional roundness meacurcnents has beer designed and
tested, and is now in operatiun at Los Alamos. At wvresent,
the output of this sphericity gage ia heing evalvated by a
simple compi:rison techiniaue; oven no, th» information
¢btained representys a  step beyond that available fFrum
randonly oriented roundness neasurcnents. It i felt that
the uscfulness of the gaqge nay be enhinced in the f{future by
increascd dat2 manipulation.
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